Carbon samples with low specific surface areas containing both mesopores and macropores were prepared by heating orange seeds to 450, 600, 800 and 1000 ºC, respectively. These materials were characterized by ultimate and proximate analysis, thermogravimetry, IR spectroscopy and potentiometric titrations. The raw (unheated) material was acidic, containing a considerable amount of nitrogen but only a small amount of lignin. The carbon samples were basic and exhibited type II or type III nitrogen adsorption isotherms depending on the carbonization temperature. Non-carbonized orange seeds were more effective in the adsorption of anthraquinone dyes (Acid Blue 80, Acid Blue 324, Acid Green 25 and Acid Green 27) from aqueous solution at 25 ºC. The moderate adsorption capacities exhibited by the carbonized samples allowed an analysis of the intermolecular interactions between the adsorbents and dyes with similar structures but slightly different hydrophobicities and donor capacities.
INTRODUCTION
Traditionally, research on adsorbents has focused on the preparation or synthesis of inorganic materials such as zeolites and chromatographic phases, and on organic solids such as carbons and ion-exchange resins. Synthetic nano-materials are increasingly important in numerous environmental applications. In this field, natural materials can be subjected to conditioning, modification or carbonization (Kannan and Sundaram 2001; Girgis et al. 2002; Aygün et al. 2003; Stavropoulos and Zabaniotou 2005) . Research on adsorption onto solid materials can involve studies of the effects of different physicochemical parameters on adsorption properties and investigations of the relationship between the chemistry of the surface and the molecular aspects of the adsorbate. So-called "alternative" or "emerging" adsorbents are being developed on the basis of adsorption tests of particular adsorbates under varying experimental conditions. The chemical and physicochemical characterization of these alternative adsorbents is usually incomplete, and there has not yet been a systematic examination of the molecular aspects of adsorption. Moreover, the preparation of activated carbons has been limited to the development of highly specific surface areas -regardless of cost -by chemical activation to achieve high rates of removal and thereby producing more pollution (Girgis and Ishak 1999; Benaddi et al. 2000; Molina-Sabio and Rodríguez-Reinoso 2004) .
The purpose of the present work was to investigate the potential use of orange seeds (Citrus sinensis) as adsorbents and as a carbon source. Orange seeds constitute about 0.3% of fresh mature fruit weight and are typically discarded after juice extraction. Thus, materials prepared from raw orange seeds by carbonization in the absence of chemicals have been characterized and their adsorption properties towards water vapour, nitrogen and Acid dyes (of the anthraquinone class) from aqueous solution studied. In addition, the influence of the molecular properties of five dyes, and intermolecular dye interactions, on their adsorption properties has been examined.
EXPERIMENTAL

Materials
Orange seeds (OS) were pre-treated before use by washing with de-ionized water (without separating the embryo from the husk), dried at 70 ºC for 24 h and passed through a sieve to obtain a particle size of 1.5 cm. A horizontal tubular furnace (Carbolite, Ubstadt-Weiher, Germany) with a quartz reactor was used to heat four 30 g lots of OS from room temperature to 450, 600, 800 and 1000 ºC, respectively. The resulting carbonized products are denoted below as COS-450, COS-600, COS-800 and COS-1000. The temperature regime contained two heating ramps, viz. from room temperature to 70 ºC at 8 ºC/min and from 70 ºC to 450, 600, 800 or 1000 ºC at 5 ºC/min. In each case, the seeds were maintained at the maximum temperature for 4 h.
The following dyes were used: Acid Blue 80 and Acid Green 27 (Aldrich, St. Louis, MO, U.S.A.), Acid Blue 324, Acid Green 25 and Acid Red 1 (Clariant, Puebla, Mexico).
Methods
Elemental analysis of dry samples was performed using a CHN 1000 Leco Elemental Analyzer (Münchengladbach, Germany) calibrated with standard orchard leaves (U.S. National Bureau of Standards, Washington, DC). The oxygen content was obtained indirectly by difference. Cellulose, hemicellulose and lignin were quantified by the method of Crampton and Maynard (1938) . Neutral detergent fibre (NDF) and acid detergent fibre (ADF) were determined by the methods of Van-Soest (1963) using analytical grade reagents. The thermal behaviour was studied by thermogravimetry (TG) using a TG 209 Netzsch Analyzer (Selb, Germany) which was maintained at room temperature (22 ºC) and atmospheric pressure (101.3 kPa). The following experimental conditions were employed: initial temperature = 25 ºC, final temperature = 750 ºC, heating rate = 10 ºC/min, nitrogen flow = 25 cm 3 /min and initial mass = 21.3 mg. The acidity, basicity and point of zero charge (pH pzc ) were determined by potentiometric titration (Faria et al. 2004 ) employed a pH meter from Oakton (Vernon Hills, IL, U.S.A.).
The desiccator method was employed to obtain water vapour adsorption isotherms at 25 ºC, using H 2 SO 4 /H 2 O solutions as a hygrostat. Multilayer adsorption of water vapour was evaluated by the Frenkel-Halsey-Hill (FHH) equation, viz. ln(P 0 /P) = b/θ s , where θ = a/a m , and b and s are empirical parameters. An automated adsorption apparatus (Autosorb-1, Quantachrome Instruments, Boyton Beach, FL, U.S.A.) was used to determine nitrogen adsorption isotherms at -196 ºC. The specific surface area was calculated via the formula: S BET = ϖNa m , where N is Avogadro's number and a m is the monolayer capacity obtained from the Brunauer, Emmett and Teller (BET) equation. The molecular area (ϖ) of nitrogen was considered to be 0.162 nm 2 and that of water to be 0.102 nm 2 . The pore-size distribution and mean pore diameter were obtained from the Barrett-Joyner-Halenda (BJH) equation. The average pore width was calculated from the relationship D p = 4V liq /S sp , where V liq is the pore volume and S sp is the specific surface area of the sample (assuming a cylindrical pore geometry).
A Nicolet Magna FT-IR-750 spectrometer was used to determine the presence of bulk functional groups at room temperature. In all cases, pellets were prepared in KBr employing the same sample quantity.
Adsorption tests for Acid dyes were performed at 25 ºC in batch experiments using polycarbonate cylindrical cells with lids, a known amount of adsorbent (particle size = 0.63 mm) and a fixed volume of aqueous dye solution (50 mg/ᐉ). The solution obtained after adsorption equilibrium (24 h) was separated from the adsorbent, centrifuged (12 000 rpm for 20 min) and analyzed by UV-vis spectrophotometry (DR 5000 Hach spectrophotometer, Loveland, CO, U.S.A.) at the appropriate wavelength for each dye: AB80 (627 nm), AB324 (600 nm), AG25 (642 nm), AG27 (642 nm) and AR1 (506 nm). The solubility parameters of the dyes were calculated using the Physical Properties Pro program (Chem Software, Fairfield, CA, U.S.A.) and employing a three-dimensional solubility parameter system based on the assumption that the energy of evaporation [i.e., the total cohesive energy (E) binding a liquid together] may be expressed by the relationship, E = E d + E p + E h , where E d is the dispersion energy, E p depicts the permanent dipole-permanent dipole forces and E h depicts the hydrogen-bonding forces (Hansen 1969).
RESULTS AND DISCUSSION
Chemistry of raw and carbonized orange seed
Proximate analysis of OS indicated values of 1% moisture, 84% volatile matter, 3% ash, 12% fixed carbon, 9% cellulose, 8% hemicellulose and 3% lignin (all w/w). Ultimate analysis indicated values of 60% carbon, 8% hydrogen, 2% nitrogen and 30% oxygen (all w/w). The nitrogen content of OS was higher than that of other lignocellulosic materials such as mango seeds ). This may be because of the presence of phosphatidyl ethanolamines, i.e. polar lipids, in the oil of OS (Mahmud et al. 2006) . Volatile matter was abundant in OS, being similar to the level reported for cherry stones (Durán-Valle et al. 2005) . The cellulose content was low but higher than that of hemicellulose or lignin. Figure 1 shows the thermogravimetric (TG) and derivative thermogravimetric (DTG) curves for OS. A clear thermal effect occurred at 409 ºC with two smaller effects at 242 ºC and 367 ºC, respectively. In accordance with other workers, we consider the thermal degradation of OS to be a global effect brought about by the degradation of cellulose, hemicellulose and lignin (García-Pérez et al. 2001 ; Elizalde-González and Hernández Montoya 2007). The densities of the different COS samples were similar as was the amount of ash generated (Table 1) , but the yield decreased as the carbonization temperature increased. Original OS were acidic (Table 1) , whereas carbonized OS were basic. However, their basicity decreased as the carbonization temperature was increased from 450 ºC to 1000 ºC. This behaviour was presumably caused by the decomposition of acidic functional groups, such as carboxylic acids and lactones (Figueiredo et al. 1999) , and to the formation of basic pyrone-type groups that resulted from a combination of ether-type oxygen groups and the remaining carbonyl groups (Pereira et al. 2003) . The point of zero charge (pH pzc ) was acidic for uncarbonized OS and basic for the carbonized samples, as expected from the acidity and basicity of these materials. Figure 2 shows the FT-IR spectra of OS, COS-450, COS-600, COS-800 and COS-1000. The infrared spectrum of uncarbonized OS was similar to that of other lignocellulosic materials, such as cherry stones ( In a similar fashion, the intensity of the band at 1160-1000 cm -1 (C-O stretching vibrations) in OS [ Figure 2 (a)] also diminished after carbonization of the sample. Two further bands at 1700-1600 cm -1 may be assigned to stretching C=C vibrations (Durán-Valle et al. 2005) . For the carbonized samples, a band over the wavenumber range 1650-1550 cm -1 (C-H stretching) was also evident.
Adsorption of water vapour
Optical microscopy studies of ground OS (not shown) allowed the identification of a large white-coloured fraction, thin crystalline fragments (presumably cellulose) and yellow flakes. However, water vapour adsorption studies were conducted without separation of these fractions. Figure 3 (a) shows the corresponding adsorption isotherm. The plot of θ versus log P shown in the inset clearly indicates the stepwise character of multilayer adsorption. As the surface of OS was markedly heterogeneous, the steps may indicate energetically homogeneous sectors of the surface. A Frenkel-Halsey-Hill (FHH) plot of log[ln(P 0 /P)] versus log θ was linear over the entire P/P 0 range, indicating the adsorption of between two and four molecular layers. The value of the exponent s was 2.37 (R 2 = 0.97688), thereby demonstrating a considerable contribution of specific interactions with the polar water molecule. The specific surface area of OS, as calculated from the water vapour isotherm, was 68 m 2 /g with a m = 21 mg/g, as calculated from the BET equation (C = 28) over the P/P 0 range 0.04-0.3 (R 2 = 0.996). Natural residues yield unreliable specific surface values from nitrogen adsorption measurements because of incomplete degasification and the difficulty of drying at high temperatures. However, measurements of specific surface areas employing water vapour -an adsorbate that permits measurements at room temperature -enable a better estimate to be made of this quantity and also allow studies of the surface structure to obtain a measure of the degree of hydroxylation.
Adsorption of nitrogen
Samples of carbon obtained from the direct carbonization of OS had irregular shapes and surfaces that were heterogeneous and gave good light reflection. No differences were observed in the morphology of the four carbon samples studied in this work. Figure 3(b) shows the nitrogen adsorption isotherms of sieved samples of OS and the carbons. Table 2 gives the textural characteristics of the sieved samples of OS and the various COS samples. Nitrogen adsorption was insignificant with OS [see Figure 3 (b), trace 1] and hence determination of S sp was performed at (P/P 0 ) m = 0.48 employing the relationship (P/P 0 ) m = (-1 + /(C -1) as suggested by Gregg and Sing (1982) for type III isotherms with C < 2. However, complete outgassing of OS was not C) 452 M.P. Elizalde-González and V. Hernández-Montoya/Adsorption Science & Technology Vol. 27 No. 5 2009 possible. This may be why the specific surface area of other lignocellulosic materials is usually not reported. For example, the specific surface area calculated from the single-point BET method has been reported only for the shells of bittim seeds (Pistacia khinjuk) (0.45 m 2 /g) (Aydin and Baysal 2006) . Based on the IUPAC classification, the COS-450 sample [see Figure 3 (b), trace 2] exhibited a strictly type III nitrogen adsorption isotherm. This categorization corresponds to macroporous adsorbents with very low specific surface areas (see Table 2 ). An increase in the carbonization temperature to 600 o C also appeared to produce a type III isotherm [ Figure 3 (Table 2) .
Apparently, at temperatures above 600 o C, thermal treatment of this lignocellulosic material influenced the interaction with nitrogen. At the same time, pores with average widths of 2.7 nm (close to the micropore range) were formed and contributed to the volume V µ , whose magnitude as determined by the Dubinin-Radushkevich equation (data not shown) was 5.7 × 10 -3 cm 3 /g. The COS-1000 sample [see Figure 3 (b), trace 5] exhibited enhanced adsorption in the sub-monolayer region and tended to show a reduced isotherm slope in the multilayer region, which we interpret as a reduction in the heterogeneity of the surface. The adsorption isotherms of samples COS-800 and COS-1000 also differed in concavity and in the total volume adsorbed (C BET and V total values in Table 2 ). With COS-1000, closer examination of the porosity indicated that the 2.5 nm pores contributed to a slightly higher microporous surface area ( Table 2) . The corresponding pore-size distribution curves [ Figure 3 (c)] showed a reduction in the mean pore diameter from 7.5 nm to 4 nm as the temperature increased from 450 o C to 1000 ºC. Samples COS-800 and COS-1000 exhibited mesopores (pore widths = 2-50 nm), whereas samples COS-450 and COS-600 exhibited macropores (pore widths > 50 nm). Taking account of the D p values listed in Table 2 and the distribution curves depicted in Figure 3 (c), we have classified these samples as being "meso-macroporous" because they have pore widths greater than 2 nm (Rouquerol et al. 1994) . Table 3 lists the chemical characteristics of the dyes tested and Figure 4 shows the adsorption characteristics of Acid dyes from aqueous solution containing initial concentrations of 50 mg/ᐉ. Except for the monoazo dye AR1 (which is included for comparative purposes), adsorption onto non-carbonized OS was greater than that onto the COS samples. Whereas it may be initially concluded that the low dye adsorption onto COS was related to their low specific surface areas, this would not explain the enhanced adsorption by raw OS (S BET < 1 m 2 /g).
Adsorption of Acid dyes from solution
A similar effect has been observed in the adsorption of Basic dyes onto basic samples of carbon (Faria et al. 2004) . In this latter case, the results obtained were analyzed in terms of electrostatic interactions and dispersive interactions. The results reported here suggest the presence of electrostatic interactions between negatively charged dyes with pK a,1 values < 1.0 and the positively charged surface of non-carbonized OS (Elizalde-González and Hernández-Montoya 2009). At the natural pH of the solution, the point of zero charge (pH pzc ) of the surface is slightly greater than the value of pH i for AG27, AB80 and AG25 (Tables 1 and 3) , indicating the existence of positively charged surface sites (Fiol and Villaescusa 2009). In contrast, for AB324, the fact that pH pzc < pH i indicates that negatively charged surface sites should exist, with these repelling any dissociated negatively charged AB324 species. However, at the natural pH of the solution, protonated AB324 species with a pK a,2 value of 3.3 should also be present, and these would be attracted by the negatively charged surface (Elizalde-González and Hernández-Montoya 2009). The above interpretation may be applied to explain the adsorption of AR1 -a non-anthraquinone dye -by OS, by comparing the point of zero charge of the surface with the initial pH of the solution and the dissociation constant, K d , of the dye. Thus, for pH pzc > pH i , the solid surfaces of OS and COS are positively charged. When pH i > pK a , the dye is negatively charged, and adsorption occurs via electrostatic interaction between the dye and the positively charged OS and COS. However, the adsorption of AR1 onto COS was greater than that onto raw OS. This can be explained by reference to the specific interactions between the basic sites on the carbon surface (see the basicity values listed in Table 1 ) and the acidity of AR1. A similar mechanism has been proposed to explain the adsorption of Basic Red 22 by bagasse pith (Ho and McKay 1999) .
However, COS-800 and COS-1000 exhibited virtually the same acidity, basicity, pH pzc and S sp values. Differences in the amount of AR1 adsorbed by these samples [Figure 4(a) ] indicate that the pore-size distribution of the carbonized sample played a role in the adsorption process [Figure 3(c) ]. Thus, in the context of specific surface area, larger pores can lead to a microporous solid capable of totally adsorbing a solute. This ease of removal makes such surfaces ideal for environmental applications. Nevertheless, such behaviour might hinder the study of intermolecular interactions that control adsorption, because there are no readily observable 456 M.P. Elizalde-González and V. Hernández-Montoya/Adsorption Science & Technology Vol. 27 No. 5 2009 adsorption differences among molecules with subtle structural variations. Our results show that the adsorption of anthraquinone dyes by OS occurred in the order: AG27 > AB80 > AG25 > AB324 [ Figure 4(a) ]. The data listed in Table 3 indicate that the dispersion component of the solubility parameters of the dyes increased in the reverse order, thereby demonstrating that dispersive interactions did not affect the adsorption of the studied anthraquinone dyes by OS to any great extent. This, in turn, means that the polarity of the dye had a greater influence on the adsorption process, presumably because of global intermolecular interactions between the adsorbent, adsorbate (dye) and the solvent. In other words, when the polarity of the dye molecule was high, the affinity towards the solvent (in this case water) was greater than that towards the adsorbent. This interpretation supports our finding that the dye with the lowest adsorption (AB324; 0.75 mg/g) had the highest polarity (44.7 J 1/2 cm 3/2 ) among the dyes examined. The adsorption affinities of the COS samples towards anthraquinone dyes [AB324 > AG27 > AB80 > AG25; Figure 4 (a)] cannot be explained in terms of electrostatic attraction since all the samples studied were of the basic "H" type (Valix et al. 2004 ) that attract negative species. Again, the effect cannot be explained in terms of the specific surface areas of the COS samples, since these were all low. However, a correlation exists between the amount of dye adsorbed and the molecular hydrophobicity of the dye. Thus, Figure 4(b) shows the amount adsorbed as a function of the dye solubility parameter, which is inversely related to the hydrophobicity. It will be seen from the figure that the curves obtained were similar for each of the four COS samples (i.e. less soluble, and thus more hydrophobic, dyes were adsorbed to a greater extent; AG27 > AB80 > AG25). The one exception to this rule was AB324. Because of its high polarity and low hydrophobicity, AB324 might have been expected to show the least adsorption. However, its high adsorption was apparently determined by its H + donor capacity (1.46) which favours interaction with a basic carbon surface (COH + H + → C + + H 2 O; Valix et al. 2004) . The other three dyes had identical H + donor capacities (0.6) so that differences in their interaction were mainly determined by hydrophobicity (dispersive forces). Some authors (Saleem et al. 2005; Bouzaida and Rammah 2002) have concluded that, because of steric hindrance, adsorption would be low when the molecular weight of a dye is high. However, this would only be the case for solids that consisted exclusively of micropores. In fact, if steric hindrance effects were predominant, these would have been reflected in a high adsorption for AB324 (MW 473 g/mol) and a low adsorption for AG27 (MW 706 g/mol). In fact, our results show that these two dyes exhibited similar adsorption. Thus, we conclude that molecular weight was not an important determinant of adsorption in these particular studies.
As revealed by the data listed in Table 1 , the carbonized OS samples had a high ash content. For this reason, we also examined the contribution of ash to the extent of dye adsorption. As shown in Table 4 , the ash content of COS adsorbed 1-3% of AB80, 11-22% of AB324, 3-7% of AG25 and 12-24% of AG27 from dye solutions with an initial concentration of 50 mg/ᐉ. The adsorption extents were corrected by subtraction of the ash contribution in COS-1000, the sample with the highest ash content. The unfilled symbols in Figure 4(b) corresponding to the ash content of the various samples demonstrate the same trend as the curves plotted without consideration of the ash content. The ash includes small amounts of inorganic elements (K ~ Ca > Mg) in the form of phosphates, carbonates (Elizalde-González and Hernández-Montoya 2009) or oxides (in COS-1000), which because of their low solubilities would not be responsible for binding the anthraquinone dyes via a complex-formation mechanism. Indeed, these results lead to the conclusion that the amounts of dye adsorbed were mainly attributable to interactions between the dyes and the carbon present in the carbonized samples.
CONCLUSIONS
Our results indicate that, prior to carbonization, OS possessed abundant nitrogen, an acidic character and exhibited a principal thermal effect at 409 o C because of the degradation of cellulose, hemicellulose and lignin. The carbonized OS samples had a basic character, a low specific surface area (S sp < 30 m 2 /g) and exhibited meso-and macro-porosity. Raw washed seeds were found to be more efficient than carbonized OS in adsorbing anthraquinone dyes (AB80, AB324, AG25 and AG27). The moderate adsorption exhibited by the carbonized samples enabled the molecular aspects of dye adsorption to be examined. Our results indicate that the adsorption behaviour could be attributed to electrostatic and dispersive interactions between the adsorbent and the dye. These parameters were thoroughly analyzed in terms of the surface acidity/basicity, molecular solubility, hydrophobicity and hydrogen bonding. 
